Results
An ariginine-rich, well-folded protein, lysozyme, was not stimulatory ( Figure 1B ). ␤-casein and RCMLA (reduced Identification of Peptides that Stimulate the ATPase Activity of Hsp104 and carboxymethylated ␣-lactalbumin), which are conformationally flexible (Kuwajima, 1996), stimulated To date, the tested substrates and peptides that are remodeled by Hsp104 and the cofactors that promote Hsp104 ATPase activity 2-to 3-fold ( Figure 1B ). We also tested many synthetic polyamino acids. Most its function interact with the protein transiently and stimulate or inhibit ATP hydrolysis less than 2-fold (Schirmer of these were not stimulatory. However, poly-L-lysine (pK L ), which has a circular dichroism (CD) spectrum and Lindquist, 1997). Similarly, we found that the first 253 amino acids of Sup35, which are sufficient to transcharacteristic of random-coil structure (data not shown), stimulated ATPase activity very strongly ( Figure 1C interaction, we tested the ability of a natural substrate Figure 4 ). Since all contain the extreme C terminus of Hsp104, the larger fragments must represent cleavages N-terminal to residue 548, that is, in the middle region.
Effect of Monoclonal Antibodies on the ATPase Activity of Hsp104
To provide another set of tools for defining regions critical in regulating Hsp104's activities, we generated a panel of monoclonal antibodies. Mice were immunized with full-length Hsp104, and hybridoma clones secreting The A503V mutant exhibited higher levels of basal ATPase activity than wild-type Hsp104, though not as high as wild-type protein bound to pK L ( Figure 5C ). More strikingly, the ATPase activity of the A503V mutant was not further stimulated by the addition of pK L ( Figure 5C ). These changes did not reflect defects in pK L binding; the mutant protein bound pK L -coupled Sepharose beads just as well as the wild-type protein did (data not shown). Thus, a single amino acid substitution in the middle region completely disrupted the normal communication of signals from the CTD to the NBDs of Hsp104. Most importantly, it did not impair the ATPase activity of Hsp104. Rather, it kept the protein in a partially activated state, whether pK L was bound or not. This confirms that the middle region plays a central role in driving the ATP hydrolysis that occurs in response to peptide binding at the C terminus.
Effects of Mutations in the Two NBDs
Next, we dissected the roles of the two NBDs. We first tested a double-point mutant in NBD1 (K218T:A315T) that carries a threonine substitution in the critical lysine in the Walker A site and an alanine to threonine substitution in the region of sensor 1 (see below). This protein has a CD spectrum indistinguishable from that of wildtype Hsp104 and assembles into hexamers as efficiently. However, its basal rate of ATP hydrolysis is only ‫%2ف‬ that of wild-type protein, reflecting the small contribution that NBD2 makes to basal ATPase activity (Schirmer et asparagine at position 728, and mutating this residue to alanine (N728A) eliminates Hsp104 function in thermotolerance and prion maintenance. This mutation had mechanism that drives polypeptide stimulated ATP hydrolysis.
no effect on hexamer assembly or nucleotide binding affinity but effectively eliminates ATP hydrolysis at NBD2 (Hattendorf and Lindquist, 2002a). This mutant binds to Effects of Mutations in the Middle Region
An entirely different approach to identifying regions critipK L as well as the wild-type Hsp104 (data not shown). Thus, N728A provides an ideal tool to assay the imporcal for regulating the Hsp104 reaction cycle is to screen for mutations that affect its function. In a separate getance of ATP hydrolysis at NBD2 in communicating signals from the CTD to NBD1. The ATPase activity of netic study to identify regions required to regulate Hsp104's protein remodeling activity, all of the mutants N728A was stimulated by pK L only 1.3-fold, compared To determine if the middle region can itself drive hyregions provide one important component of normal substrate recognition. The first identified Hsp104 subdrolysis in NBD1, we tested the effects of the monoclonal antibodies 4G10, 4B, and 17B. None of the antistrates were the aggregates that form during heat shock, most prominently in the nucleus (which contains many bodies stimulated hydrolysis in protein containing the NBD1 mutation, K218T:A315T. All three strongly stimulysine-rich proteins). To identify the heat shock substrates of Hsp104, we analyzed proteins that were not lated hydrolysis in proteins containing the NBD2 mutation, N728A ( Figure 6C ). The ability of the middle region resolubilized after a mild heat shock in Hsp104-deficient cells but were resolubilized in wild-type cells. Even when antibodies to bypass the requirement for hydrolysis at NBD2 confirms the importance of the middle region in considering proteins with pIs between 4 and 7, which should be biased against basic amino acids, the identidriving hydrolysis at NBD1 (just as they can function to bypass the requirement for polypeptide binding at fied proteins contained lysine-rich subsequences, e.g., the CTD).
Discussion
The AAA module has been broadly utilized in nature in combination with other domains to achieve highly specialized protein remodeling functions in an extraordinary variety of systems. However, the manner in which ATPase activity is coupled to substrate occupancy to produce conformational changes has yet to be defined for any of these proteins. We report an interdomain signal transduction pathway in Hsp104, one of the larger members of the family, with two AAA modules per monomer: peptide binding at the CTD alters the ATPase cycle 
